Abstract. The role of plasma pharmacokinetics (PK) for assessing bioequivalence at the target site, the lung, for orally inhaled drugs remains unclear. A validated semi-mechanistic model, considering the presence of mucociliary clearance in central lung regions, was expanded for quantifying the sensitivity of PK studies in detecting differences in the pulmonary performance (total lung deposition, central-toperipheral lung deposition ratio, and pulmonary dissolution characteristics) between test (T) and reference (R) inhaled fluticasone propionate (FP) products. PK bioequivalence trials for inhaled FP were simulated based on this PK model for a varying number of subjects and T products. The statistical power to conclude bioequivalence when T and R products are identical was demonstrated to be 90% for approximately 50 subjects. Furthermore, the simulations demonstrated that PK metrics (area under the concentration time curve (AUC) and C max ) are capable of detecting differences between T and R formulations of inhaled FP products when the products differ by more than 20%, 30%, and 25% for total lung deposition, central-to-peripheral lung deposition ratio, and pulmonary dissolution characteristics, respectively. These results were derived using a rather conservative risk assessment approach with an error rate of <10%. The simulations thus indicated that PK studies might be a viable alternative to clinical studies comparing pulmonary efficacy biomarkers for slowly dissolving inhaled drugs. PK trials for pulmonary efficacy equivalence testing should be complemented by in vitro studies to avoid false positive bioequivalence assessments that are theoretically possible for some specific scenarios. Moreover, a user-friendly web application for simulating such PK equivalence trials with inhaled FP is provided.
INTRODUCTION
Inhaled corticosteroids remain to play a central role in the management of asthma and chronic obstructive pulmonary disease (COPD) (1, 2) . The availability of safe, efficacious, and affordable generic inhaled corticosteroids is crucial for reducing the increasing financial burden for the health care systems (3) . Demonstration of bioequivalence is a key element for registration of generic drugs. For orally administered systematically acting drug, bioequivalence is usually demonstrated by comparing the plasma concentration time profile (plasma pharmacokinetics (PK)) of the generic (test; T) with that of the brand name (reference; R) product (4) . It usually suffices to demonstrate that the 90% confidence interval for the T/R ratios for the area under the concentration time curve (AUC) and the maximum plasma concentration (C max ) are contained within the bioequivalence acceptance limits of 80%-125% (4, 5) . For inhaled corticosteroids and other orally inhaled locally acting drug products, however, where plasma concentrations are measured downstream of the lung (site of action) a different approach has been suggested by regulatory agencies for assessing bioequivalence (6) (7) (8) (9) (10) (11) (12) .
Draft guidelines containing recommendations for demonstrating bioequivalence of inhaled corticosteroids fluticasone propionate (FP) and other orally inhaled drug products (OIDPs) have been published by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA), respectively (6, 7) . Noteworthy, the FDA and EMA guidelines are quite opposite to each other in their approaches to establishing bioequivalence. In particular, the role of plasma PK for demonstrating bioequivalence of inhaled corticosteroids remains unclear. The EMA guideline allows establishing bioequivalence solely on plasma PK and thereby even gives the possibility to overrule a potential negative outcome in an in vitro equivalence assessment. On the other hand, the FDA guideline suggests that plasma PK is suitable for establishing an equivalent systemic safety profile while not for establishing an equivalent pulmonary efficacy profile. The FDA's rationale for requesting clinical studies is that they believe that current scientific knowledge is not sufficient to provide evidence that in vitro and pharmacokinetic studies are able to ensure an equivalent pulmonary efficacy profile. While this approach at first makes sense, problems arise because of the existing lack of sensitive pulmonary efficacy biomarkers (lack of dose response relationship) for some inhaled drugs, especially for inhaled corticosteroids.
We had hypothesized that the array of methods employed for assessing bioequivalence of locally acting OIDPs must be able to answer the following three questions (8) irrespective of the compound (e.g., fast or slowly dissolving) and the form of administration (e.g., dry powder inhaler or metered dose inhaler).
Are T and R products equivalent in 1. How much drug is deposited in/available to the lung? (total lung deposition) 2. How long the drug stays in the lung? (lung residence time) 3. Where in the lung is the drug deposited? (Central-toperipheral lung deposition ratio)
In the first question, drug that is available to the lung refers to all drug molecules that are deposited in the lung and reach the systemic circulation via the lung (excluding drug molecules that undergo pulmonary metabolism or (mucociliary) clearance). In the second question, pulmonary residence time comprises all pulmonary processes that could occur after deposition in the lung including dissolution and absorption.
Assuming that drug enters the systemic circulation only from the lung (drugs exhibiting oral bioavailability can be blocked by co-administration of charcoal), PK studies are expected to be able to answer question one and two with much higher resolution than clinical studies (8) . We hypothesized that, for lipophilic slow-dissolving drugs, PK studies should also be able to detect differences in the central-toperipheral lung deposition ratio, considering that more centrally deposited drug will be cleared from the drug more efficiently through mucociliary clearance than more peripherally deposited drug where mucociliary clearance is reduced. Thus, a T product that delivers the same dose to the lung as the R product but deposits more of the drug peripherally, more drug will be absorbed into the systemic circulation and, consequently, the total systemic exposure (AUC) of the T should be larger than that of the R product. Vice versa, the same holds true for a T product that deposits the same dose more centrally.
Hence, it was the objective of this project, building on a previous established and validated semi-mechanistic PK model for simulating the performance of inhaled FP formulations (13) , to systematically evaluate the sensitivity of the plasma PK metrics (AUC and C max ) to detect differences in the pulmonary fate of inhaled FP when T and R products differed from each other in a single or multiple pulmonary performance-related parameters (total lung deposition, pulmonary dissolution characteristics, and central-to-peripheral lung deposition ratio), while considering variability between and within patients. FP was selected as a model drug since it is a slowly dissolving inhaled corticosteroid and a validated model for PK trial simulation was readily available (13) . Moreover, a user-friendly web application was developed that enables the users to simulate PK bioequivalence trials for inhaled FP for different number of subjects, pulmonary performance parameters, and variability terms (http:// coplin6.cop.ufl.edu:3838/ifp/). Additionally, a second version of the web application where users can simulate bioequivalence trials for any inhaled drugs by selecting their own parameters is available. (http://coplin6.cop.ufl.edu:3838/inhaled/).
METHODS
A Monte Carlo simulation approach was applied to systematically investigate the impact of differences in the pulmonary performance of T and R inhalers on the plasma concentration time profiles (evaluated as AUC and C max ). Bioequivalence PK trials in which T FP inhalers were compared with the FP Diskus inhaler (R product) were simulated in a single-dose crossover design for a varying number of subjects (assumed to be healthy volunteers). Within the simulations, the T FP inhalers differed from the R FP inhaler in their total lung deposition, their central-toperipheral lung deposition ratio, and/or their pulmonary dissolution characteristics. For each scenario (characterized by the total lung deposition, the central-to-peripheral lung deposition ratio, and the pulmonary dissolution characteristics of the T inhaler as well as the number of subjects enrolled in the trial), 200 independent PK trials were simulated and the percent of trials that resulted in successful demonstration of bioequivalence were recorded. Details about the underlying PK model, the PK trial simulation, the statistical analysis, and the bioequivalence criteria are given below.
Pharmacokinetic Model
Monte Carlo simulation of PK bioequivalence trials after FP inhalation was based on a previously published model that was specifically designed for simulating PK trials after administration of inhaled corticosteroids (13) . The model incorporates physiological and anatomical features of the lung (e.g., distinction of central and peripheral regions, mucociliary clearance of undissolved particles from central lung regions, and different absorption characteristics for central and peripheral lung regions) and accounts for variability between and within subjects (Fig. 1) . Central lung regions are distinguished from peripheral lung regions by the presence of a mucociliary escalator. Absorption of dissolved drug from peripheral lung regions is assumed to be twice as fast as from central lung regions. Pulmonary dissolution of deposited FP particles is assumed to be the same in central and in peripheral lung regions. The model, the selection of the model parameters, and its performance were previously discussed and validated by comparing predicted with clinically observed plasma concentration for four inhaled corticosteroids including FP (13) . Furthermore, the key aspects of the model structure are again critically debated in the BDiscussion^section.
For the purpose of simulating bioequivalence trials, the published model was extended to allow simulating crossover designs and between-occasion variability (BOV). Betweenoccasion variability was included as the following (exemplarily shown for model parameters that are log-normally distributed)
where X ij represents the value of model parameter X for subject i at occasion j, θ x represents the typical value of parameter X, η i represents a normally distributed random variable with mean equal to zero and standard deviation equal to ω x , and ρ j represents a normally distributed random variable with mean equal to zero and standard deviation equal to ξ x . ω x and ξ x represent variability between subjects and occasions, respectively. Moreover, a logit transformation was applied to model parameters that are naturally bound between 0 and 1 (fraction of the emitted dose that is deposited in the lung (F Lung ) and fraction of the lung dose deposited in central lung regions (F C )). Further details of the structural and random effects model can be found in the original publication (13) .
Pharmacokinetic Trial Simulation
PK trial simulations were performed in R version 3.0.2 (14) . Three series of trial simulations were performed to allow systematic investigation of the sensitivity of AUC and C max to detect differences in the pulmonary fate between T and R inhalers. First, identical T and R inhalers were compared to determine the sample size (number of subjects enrolled) that is needed to achieve a statistical power of 90% for concluding bioequivalence when T and R are the same. In a second series, scenarios where T and R inhalers that differed from each other in only one of the three parameters characterizing their pulmonary performance (F Lung , F C , and pulmonary dissolution rate (k diss )) were simulated. It should be noted that F C is easily transformed into central-toperipheral lung deposition ratio by taking F C /(1−F C ). In a third series, scenarios where T and R inhalers that differed from each other in all three pulmonary performance parameters were simulated. In this step, not only the sensitivity of AUC and C max to detect differences in the pulmonary performance between T and R inhalers was determined but also cases identified where two very different products could lead to similar plasma profiles.
Series 1: Two Identical Products
Scenarios where both T and R FP inhalers represented the FP Diskus inhaler were simulated in a crossover design for 10, 20, 30, 40, 50, 60 , and 70 subjects. These scenarios, which can be interpreted as testing different lots of the R product against each other, were used to determine the sample size that is needed to achieve a statistical power of 90% to conclude bioequivalence when T and R are identical. Table I lists the model parameters including associated variability terms that characterize the PK of the FP Diskus inhaler. Between-subject variability (BSV) and residual variability terms (RV) were taken from the previously published validated model for FP (13) . Between-occasion variability (BOV) terms were based on educated guesses and preliminary simulations where the variability in AUC and C max (coefficient of variation ∼50%) that is typically observed in clinical trials (15) (16) (17) (18) was matched (see BDiscussion^). It should be noted that the outcome of the bioequivalence trials is independent of the selection of the BSV terms as the trials are simulated in a crossover design. In addition, the web application that is available as supplemental material to this article allows simulating PK bioequivalence trials for FP with user-defined RV and BOV terms. Plasma concentrations were predicted for 2 Compartments representing central and peripheral lung regions, respectively, where the drug is dissolved; k muc mucociliary clearance; k diss dissolution of drug particles; k pul,C drug absorption from central lung regions into the systemic circulation (central body compartment); k pul,P drug absorption from peripheral lung regions into the systemic circulation; k 12 , k 21 drug distribution between central and peripheral body compartments; k 10 drug elimination from the systemic circulation: all rate constants (k) were assumed to be first-order processes. Further details about the model are published elsewhere (13) 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, 36, and 48 h after drug administration that closely mimics a standard sampling schedule for single dose PK trials of inhaled drugs.
Series 2: Two Different Inhalers-Single-Parameter Differences
Scenarios where T and R FP inhalers differed from each other in one of the three parameters characterizing their pulmonary performance were simulated in a crossover design for 50, 100, and 200 subjects. A sample size of 50 was selected as simulation series one had indicated it as adequate for achieving a statistical power of 90% to conclude bioequivalence when T and R are identical. Sample sizes of 100 and 200 subjects were selected to investigate the sensitivity of AUC and C max for increased sample sizes. In all scenarios, the model parameters for the R product were selected to represent the FP Diskus inhaler. The model parameters (typical parameters) characterizing the pulmonary performance (F Lung , F C , and k diss ) were 0.16, 0.5, and 0.189 h −1 , respectively. All other model parameters including their associated variability terms are given in Table I . The T products differed across all the scenarios in their model parameters characterizing pulmonary performance while all other parameters were identical to those of the R product. Twenty different values (−50% to 50% difference in 5% steps compared to respective values of the reference product) were used for each of three parameters to create 60 different T inhalers. The exact parameter values for the 60 T products are given in Table II and the Supplemental Material. Since each of the 60 T products was compared with the R product for a sample size of 50, 100, and 200 subjects, a total of 180 scenarios where evaluated in this simulation series. BSV, RV, BOV terms and sampling times were identical to those in the first step.
Series 3: Two Different Inhalers-Multiple Parameter Differences
Scenarios where T and R FP inhalers differed from each other in all three parameters characterizing their pulmonary performance were simulated in a crossover design for 50, 100, and 200 subjects. In all scenarios, the model parameters for the R product were the same as in simulation series two. The T products differed across all the scenarios in their model parameters characterizing pulmonary performance (F Lung , F C , and k diss ) while all other parameters were identical to those of the R product. Seven different values (−60% to 60% difference in 20% steps compared to respective values of reference product) for F Lung , F C , and k diss were selected to create 343 different T products. Since each of the 343 T products was compared with the R product for a sample size of 50, 100, and 200 subjects, a total of 1029 scenarios where evaluated in this simulation series. BSV, RV, BOV terms and sampling times were identical to those in first and second part.
Statistical Analysis
For each scenario, 200 independent PK trials were simulated and 90% confidence intervals for the T/R ratios for AUC 1 and C max were calculated applying an ANOVA model accounting for treatment, period, sequence, and subject within sequence effects (5). When both 90% confidence intervals for the T/R ratios for AUC and C max fell into the acceptance range of 80%-125%, a successful bioequivalence trial was concluded (Bpass^). Otherwise, a failed bioequivalence trial was concluded (Bfail^). As a primary outcome, the percent of the 200 independent trials that resulted in a pass was recorded for each scenario that was evaluated. In addition, the pass/fail assessment was performed separately for C max and AUC for testing the sensitivity of both metrics to detect differences in the pulmonary performance of T 
Typical value parameters are based on (13) . Residual variability was 20%. CV is coefficient of variation. Between-subject and betweenoccasion variability (BOV) parameters are based on educated guesses and were selected to match variability in AUC and C max (coefficient of variation ∼50%) that was observed in literature (15) (16) (17) (18) . To give the simulations a more realistic framework, BOV terms were considered for F Lung , F C , and k muc as they represent pulmonary parameters that may be expected to vary between occasions that are one week apart (typical timeframe for bioequivalence study including a washout period). For instance, device handling and performance of inhalation procedure may affect F Lung and F C . It should be remarked that the outcome of a two-way crossover study cannot distinguish between occasion from residual variability. Thus, all other parameters were not assumed to vary between occasions for model simplicity. The application that is available as supplemental material to this article allows simulating FP PK crossover trials with user-defined variability parameters (residual and betweenoccasion variability).
and R products. Further reported outcomes comprise the average (across the 200 independent trials) point estimate and lower and upper bounds of the 90% confidence intervals for the T/R ratio for AUC and C max for all tested scenarios.
Development of Web Applications
The interactive web applications that allow the users to simulate PK bioequivalence trials using their own parameters were developed based on the R extension package BShiny^ (19) . The Shiny package offers a simple way of turning R scripts into userfriendly web applications without requiring any web development skills. Shiny base web applications require two R scripts. The Buiâ nd the Bserver^files define the user interface and the underlying computations, respectively. More details including a tutorial are available at http://shiny.rstudio.com/.
RESULTS
A comprehensive numerical summary of the results for all scenarios that were evaluated is provided in the electronically available supplemental material (Results_All_Simulations.xlsx). These include percent of PK trials that resulted in a pass based on both AUC and C max , percent of PK trials that resulted in a pass based on AUC 0-48 , percent of PK trials that resulted in a pass based on C max , average point estimate, and lower and upper bounds of the 90% confidence intervals for the T/R ratio for AUC 0-48 and C max .
Series 1: Two Identical Products
When T and R FP inhalers represented the FP Diskus inhaler (i.e., testing different lots of the R product against 
Series 2: Two Different Inhalers-Single Parameter Differences
The results (percent of trials resulting in a pass for 50, 100, and 200 subjects and point estimates for the T/R ratio for AUC and C max ) of the scenarios where T and R products differed from each other in one of the three pulmonary performance parameters are summarized in Table II and visually presented in Fig. 3 . Figure 4 provides a three-dimensional visualization of the sensitivity of AUC and C max combined to detect differences in the pulmonary fate when T and R products differ from each other in multiple parameters. Table III lists all scenarios where bioequivalence was concluded in more than 90% of 200 PK trials when the sample size was 200 subjects despite T and R products being different in at least two of the three pulmonary performance parameters. In those 17 scenarios, T and R inhalers produced very similar plasma concentration time profiles in spite of them differing in all three pulmonary performance parameters. Figure 5 visualizes the plasma concentration time profiles of one of those 17 scenarios exemplarily. Those 17 scenarios are also visible in Fig. 4 whenever a peak (i.e. , an increased percentage of trials indicating bioequivalence) is observed when T and R are different. An explanation for this ostensible insensitivity and possible workaround is provided in the BDiscussion^section.
Series 3: Two Different Inhalers-Multiple Parameter Differences

DISCUSSION
We hypothesized that PK bioequivalence studies are more sensitive and robust than clinical studies for assessing pulmonary bioequivalence of lipophilic, slowly dissolving OIDPs. For these products, plasma PK metrics (AUC and C max ) should be able to detect differences between T and R formulations in factors relevant for pulmonary equivalence for the following reasons. As outlined in the introduction, three factors should theoretically affect the pulmonary equivalence of OIDPs: the deposited dose, the time the drug resides in the lung, and the regional (central vs. peripheral lung regions) deposition. When slowly dissolving drugs are preferentially deposited in central parts of the lung, more drug particles will be removed through mucociliary clearance and less drug will be absorbed from the lung than from formulations that deposited more peripherally. This sensitivity to detect differences in central vs. peripheral deposition does not occur for fast dissolving drugs that are absorbed or enter pulmonary cells before they can be removed by mucociliary clearance. Thus, the conclusions drawn from the presented simulations will be only applicable to slowly dissolving drugs whose oral bioavailability is negligible or can be prevented by co-administration of charcoal. FP is such a drug candidate and was selected for the simulations, as in addition, a validated model for simulating PK trials after inhalation was available (13) .
A Monte Carlo simulation-based, semi-mechanistic approach was employed to systematically assess the sensitivity of the plasma PK metrics AUC and C max to determine the pulmonary bioequivalence of FP for a hypothetical T and R Fig. 2 . Example of simulated FP plasma concentration time profiles (n=50 subjects) when T (red; right panel) and R (blue; left panel) products are identical thus representing the case when testing different batches of the reference product against each other (FP diskus) product. This modeling approach, rather than a deterministic model (20) , was used as only approaches considering variability between and within subjects for a given number of volunteers can predict the outcome of such bioequivalence studies, including the effects of the sample size.
The simulations incorporated a model ( Fig. 1 ) previously developed for simulating the outcome of PK studies for four inhaled corticosteroids including FP in healthy volunteers (13) . Typical values and BSV and RV parameters were taken from the previously published model as the model was validated by comparing model predicted to clinically observed plasma concentrations (13) . BOV terms were added to the model to allow simulating PK bioequivalence studies, which are usually conducted in a crossover design. Since BOV estimates for parameters representing pulmonary deposition (F Lung and F C ) are not available in literature, educated guesses were used and optimized by comparing results (AUC and C max ) from preliminary simulations to observed data (15) (16) (17) (18) . Moreover, the model predicted width of the confidence intervals for T/ R ratios for AUC and C max (approximately ±10% for a sample size of 40-60 subjects; see BResults^section) agree very well with those from published PK bioequivalence trials for inhaled drugs (21) (22) (23) .
The simulations for different T and R formulations were performed for sample sizes of 50, 100, and 200 subjects. The sample size of 50 was selected since preliminary power calculations based on published PK studies had shown that approximately 40-50 subjects (in a crossover design and assuming the variability displayed in Table I ) are required for demonstrating equivalence with a statistical power of 90% when T and R products are indeed the same and the R product represents FP diskus inhaler. This basically represents the case where different batches of the R product are tested against each other. The increased sample sizes of 100 and 200 subjects were selected to provide an analysis of the sensitivity of AUC and C max when the power for concluding equivalence (in the case of equivalent products) or the probability of falsely concluding equivalence (when the products are not equivalent) are increased. As the power was only slightly increased with 100 or 200 subjects, one can conclude that 50 subjects seem to be sufficient for testing bioequivalence under these conditions. First, the simulations were used to quantify the effect of an increasing number of subjects on the statistical power to conclude bioequivalence when two identical formulations (R vs. R; see BResults^) were compared against each other. These simulations indicated that FP diskus bioequivalence studies using 40-60 subjects would suffice to conclude bioequivalence with a statistical power of 90%. These predictions are quite in agreement with published literature (21, 23) . When T and R products differed in their lung deposition (extent of bioavailability, (Table II and Fig. 3 ) in a group of 50 volunteers by more than 20% (e.g., 25% in our simulations), the probability of incorrectly concluding equivalence was smaller than 10%. Fig. 3 . Sensitivity of AUC and C max to detect differences between T and R inhaler that differed from each other in one of the three pulmonary performance parameters (F Lung , C/P (F C /(1−F C )) and k diss ). Top three panels AUC. Bottom three panels C max . The x-axes show the difference between the T and R product in the respective parameters. The crosses represent the point estimates for the AUC or C max T/R ratio based on the simulations with 200 subjects. The blue shaded areas represent 90% confidence intervals for AUC or C max T/R ratio (dark blue 200 subjects, intermediate blue 100 subjects, light blue 50 subjects). Point estimates and confidence intervals were averaged over the 200 independent trials that were simulated for each scenario. Green shaded area represents the 80%-125% acceptance region for bioequivalence testing Interestingly, a sample size of 50 subjects was predicted to result in a statistical power of 90% to conclude bioequivalence when T and R products are indeed the same. If the pulmonary dissolution rate, as a measure of the rate with which the drug is available differed by more than 25% (e.g., 30% in our simulations), the probability of falsely concluding equivalence was smaller than 10%. (Table II) , suggesting that PK is somewhat less sensitive to detect a difference in Fig. 4 . Sensitivity of AUC and C max (combined). Results of the simulated PK bioequivalence trials for 50 subjects; BE percent of 200 independent PK trials that resulted in a pass; F Lung fraction of the emitted dose that is deposited in the lung; F C fraction of the lung dose that is deposited in central lung regions. k diss dissolution rate constant. An explanation for the (double-) peaks (i.e., increased percentage of trials indicating bioequivalence) when T and R are different from each other is provided in the BDiscussion^section Table III . Scenarios Where T and R Products Differed in More than One Parameter (k diss , F Lung , F C ) and Bioequivalence was Concluded in at Least 90% of 200 PK Trials with 200 Subjects. F Lung , F C , and k diss Refer to the T Product PE point estimate (average across the 200 trials). BE x percent of 200 bioequivalence trials conducted with x subjects that resulted in pass dissolution rate than dose differences. The ability of PK to detect differences in the extent and rate with which the drug is available at the site of action, the lung, is relatively easy to comprehend for OIDPs with negligible oral bioavailability or under conditions where oral bioavailability can be suppressed (e.g., through charcoal co-administration). All the drug molecules entering the systemic circulation (assuming zero oral bioavailability) have to diffuse through the lung tissue (the site of action). Hence, systemic plasma AUC and C max of T and R will only be equivalent if the drug exposure within the lung (amount of pulmonary available/dissolved drug) and the rate with which it was made pulmonary available are equivalent. The fact that the actual concentrations might be different in lung and blood is of no relevance, as potential differences in the amount of drug available to the lung affect in a linear fashion the plasma AUC. Thus, plasma PK can detect differences in the extent and rate the at which dissolved drug is available at the site of action. Cut-off values, provided as a sensitivity measure, defined in this publication for single factor differences in deposited dose and absorption rate would be identical to oral formulations with similar variability. Table II and Fig. 3 also indicate that PK metrics are sensitive to differences in the central-to-peripheral lung deposition ratio if the difference in this ratio is larger than 30% (e.g., 35% in our simulations). For such differences. the probability of falsely concluding equivalence was less than 10%. This supports the hypothesis that for slowly dissolving drugs PK can probe for regional differences in deposition. The use of an error rate of at most 10% for assessing the risk of concluding bioequivalence when the T and R formulations are not identical is very conservative. The very low probabilities of falsely concluding equivalence (<10%) for these differences between two products in trials with at least 50 subjects should be considered an acceptable risk when conclusions on the feasibility of PK for determining regional differences are intended to be made.
The current simulations demonstrated that, for FP, AUC is sensitive to detect differences in the total lung deposition and the central-to-peripheral lung deposition ratio while C max is sensitive to detect differences in total lung deposition and the pulmonary dissolution rate constant (i.e., pulmonary residence time for slowly dissolving drugs) (Fig. 3) . While AUC and C max are sensitive to detect differences in the pulmonary dissolution rate constant and the central-toperipheral lung deposition ratio, respectively, the predicted sensitivity is somewhat smaller than that for the deposited dose (Fig. 3) , but certainly much more sensitive than for clinical studies (24) (25) (26) . While the observed sensitivity of AUC and C max to differences in the total lung deposition for FP can be generalized to all inhaled drugs with negligible oral bioavailability, the sensitivity of AUC and C max to differences in the central-to-peripheral lung deposition ratio and the pulmonary dissolution rate constant, respectively, need to be considered more carefully. The sensitivity of AUC to differences in the central-to-peripheral lung deposition ratio depends on the relative magnitude of the mucociliary clearance to the pulmonary dissolution rate constant. Only if a shift in pulmonary lung deposition toward more central or more peripheral deposition results in a different amount of particles being removed from the lung before they dissolved (under the assumption of low oral bioavailability), the systemic exposure and thus the AUC can reflect those differences. Therefore, plasma exposure is very likely to be insensitive to difference in central-toperipheral lung deposition ratio for faster dissolving orally inhaled drugs. The role plasma PK can play in detecting differences in the pulmonary performance for those products remains poorly understood. Answering this question requires closing the existing knowledge gap on the processes that occur between the pulmonary deposition of particles and drug being available in the systemic circulation (27) . The current simulations also evaluated systematically the sensitivity of plasma PK to detect differences between two FP products that differed from each other in more than one pulmonary performance parameters. The simulations demonstrated that two products with very different pulmonary characteristics could have very similar plasma concentration time profiles resulting in a false positive equivalence assessment based on plasma PK (Figs. 4 and 5 and Table III ). All these scenarios share the common feature that the T products deliver either a larger total amount of drug to lungs with a more central lung deposition or a smaller total amount of drug to lungs with a more peripheral lung deposition. Consequently, the differences in total lung deposition are counteracted by a different amount of drug being susceptible to mucociliary removal in central lung regions. A certain difference in pulmonary dissolution rate constant is additionally necessary to produce profiles with similar AUC and C max despite the products being different (Fig. 4) . It might be asked how rarely such scenarios (factors differing by the same degree in the correct direction) will occur in vivo and whether in such rarely occurring scenarios of false positive bioequivalence assessment in vitro studies, such as cascade impactor studies will detect such differences. In particular, when comparing the option of a combined PK/in vitro assessment with an assessment based on or including pulmonary efficacy biomarkers, and its flat dose-response relationship for inhaled corticosteroids, a combined PK/in vitro assessment becomes more attractive. In vitro tests comprising emitted dose, fine particle mass, cascade impactor data, and dissolution testing may be able to complement PK equivalence testing and help to prevent false positive bioequivalence conclusions for very different products, although such a scenario certainly will be very rare. Complementing PK equivalence studies with in vitro assessments seems to be a reasonable position in between the very opposite approaches of the EMA and FDA (see BIntroduction^section). Thus, it may represent a viable option for globally aligning existing approaches for establishing pulmonary equivalence of slowly dissolving locally acting OIDPs.
The results of the simulations naturally depend on the quality and the assumptions of the underlying model that is applied. Central and peripheral lung regions comprise airway generations from the trachea to the terminal bronchioles (conducting zone) and from the respiratory bronchioles to the alveolar sacs (transitional and respiratory zone), respectively. Pulmonary absorption from peripheral lung regions was assumed to be twice as fast as from central lung regions. Pulmonary dissolution of deposited FP particles was assumed to be same in the central and peripheral lung regions. It should be remarked that the way pulmonary dissolution and absorption processes were included in the model was not driven by model simplicity. It is rather driven by the poor understanding of pulmonary dissolution and absorption processes. The model includes only processes that could be verified experimentally (e.g., one pulmonary dissolution rate constant for FP) or were available from literature (13) . Literature and experimental evidence for some theoretically conceivable processes as different dissolution processes for central and peripheral lung regions or more than two pulmonary absorption processes has not yet been established. The model could of course be extended and the simulations be updated when more evidence is available in the future. The current model, including those assumptions, was validated and could adequately predict the plasma profiles of FP and other inhaled drugs. Nonetheless, it is and will always be, like any model, only a simplification of true pulmonary behavior. Fig. 6 . Screenshot of graphical user interface of the web application that allows simulating PK bioequivalence trials for inhaled FP. The user can vary the pulmonary performance-related parameters of the T product, the number of subjects included in the trial, and residual variability, and the between-occasion variability for F Lung , F C , and k muc (Table I) Alternatives to a simulation-based approach would be conducting ethically and financially challenging clinical trials in healthy subjects and/or patients systematically testing formulation that differ from each in their pulmonary characteristics and their impact on plasma PK. Moreover, (clinical) trial simulation has become a widely acknowledged and used method for testing hypothesis without conducting actual clinical trials (28, 29) .
Overall, the sensitivity of the PK metrics in evaluating bioequivalence between T and R OIDPs is much higher than observed for the currently recommended clinical studies that are generally not sensitive to varying doses of FP and as consequence will also be unable to show sensitivity toward rate of availability nor regional deposition differences (24) (25) (26) .
A user-friendly web application where PK bioequivalence trials for inhaled FP with different variability terms, pulmonary performance-related parameters of the T product, and the number of subjects enrolled in the trial can be simulated is available (http://coplin6.cop.ufl.edu:3838/ifp/). Hence, the users can simulate PK bioequivalence for inhaled FP using their own parameters and numbers of subjects and thus use the web application for optimizing the design of prospective studies. The automatically generated output of the web application, which is based on the Shiny R extension package (19) , includes point estimates and 90% confidence intervals for the T/R ratios of AUC and C max and the percent of simulated trials that resulted in pass for AUC and/or C max . A screenshot of the graphical user interface of the web application is shown in Fig. 6 .
A second web application where all model parameters can be modified and the oral absorption compartment is switched on, gives the users theoretically the flexibility to simulate PK bioequivalence for any inhaled drug (http:// coplin6.cop.ufl.edu:3838/inhaled/). For instance, the web application might be used to probe if potential differences in the in vitro behavior (e.g., dissolution rate differences, pulmonary dose, or cascade impactor profiles) between T and R product affect the bioequivalence if sufficient data on in vitro and in vivo correlation are available for the user to allow predicting the effect of such in vitro differences on PK. An in vitro and in vivo relationship between cascade impactor data and pulmonary deposited dose has been recently reported (30) . In general, more efforts need to be invested into establishing of in vitro/in vivo correlations before physiological PK models will be reliable predictors of the outcome of bioequivalence studies. The web application could also be used for investigating the relationship between k diss values (e.g., slowly vs. fast dissolving drugs) and the sensitivity of plasma PK to detect differences in the centralto-peripheral lung deposition ratio. However, it should be remarked that k diss is a substance-and formulation-specific parameter. Thus, other model parameters would need to be adapted accordingly to generate reliable results.
CONCLUSIONS
A Monte Carlo simulation-based approach demonstrated that plasma PK metrics (AUC and C max ) are capable of detecting differences in the pulmonary performance of inhaled FP products with a good sensitivity of at least 25%, 35%, and 30% for the total lung deposition, central-toperipheral lung deposition ratio, and pulmonary dissolution characteristics, respectively. For slowly dissolving inhaled corticosteroids, equivalence testing of pulmonary efficacy based on plasma PK should thus be considered as a viable alternative to clinical studies comparing pulmonary efficacy biomarkers, which have not been demonstrated to be similarly sensitive to potential pulmonary performance differences. It was additionally demonstrated that two FP products with very different pulmonary performance could have very similar plasma profiles. Hence, PK trials for pulmonary efficacy equivalence testing should be complemented by in vitro studies to avoid false positive bioequivalence assessments. Moreover, a user-friendly web application for simulating PK equivalence trials with inhaled FP was developed.
